Objective-To evaluate changes in left ventricular function and the impact of ventricular hypertrophy and pressure gradient early and late after aortic valve replacement in patients with isolated aortic stenosis. Design-41 patients with isolated aortic stenosis and normal systolic function underwent cross sectional and Doppler echocardiography two months before and two weeks and four years after aortic valve replacement. (96) ms (p < 0.05), remained improved. Prolonged isovolumic relaxation time was associated with significant septal and posterior wall hypertrophy (wall thickness > 13 mm) (p < 0.05), whereas prolonged deceleration time was related to high residual gradient (peak gradient > 30 mm Hg ) (p < 0.01). Conclusions-Left ventricular diastolic function improves early after surgery for aortic stenosis in parallel with the reduction in the aortic gradient. However, prolongation of Doppler indices of myocardial relaxation and ventricular filling is observed in patients with significant left ventricular hypertrophy and a residual pressure gradient early after surgery. At four years postoperatively, diastolic function remains improved. (Heart 2001;86:309-316) 
A major determinant of left ventricular function in patients with aortic stenosis is pressure overload, leading to left ventricular hypertrophy.
1-3 Several studies have linked ventricular hypertrophy to impaired left ventricular diastolic function in aortic stenosis. [2] [3] [4] Animal studies have shown that pressure overload on its own also impairs myocardial relaxation. 5 Aortic valve replacement for aortic stenosis reduces left ventricular pressure overload and wall stress, and subsequently reduces the amount of hypertrophy one year or more after surgery. [6] [7] [8] Improvement in diastolic function after aortic valve replacement has been attributed mainly to the subsequent regression of left ventricular hypertrophy. 6 9 However, it is not clear whether the early reduction in pressure overload immediately after surgery, when hypertrophy is still present, also leads to improvement in diastolic function. Abnormal diastolic stiVness and myocardial structure have been observed one year after successful surgery for aortic stenosis 10 and these may be related to both residual hypertrophy and aortic gradient. 11 Impaired exercise capacity has also been related to abnormal diastolic a year after successful aortic valve replacement. 12 13 Regression of left ventricular hypertrophy following aortic valve replacement is dependent on multiple factors including valve size and residual pressure gradient. [6] [7] [8] Often after successful aortic valve replacement only partial regression of left ventricular hypertrophy is observed. 9 14 15 Consequently, the long term eVect of residual pressure overload on regression of left ventricular hypertrophy, and its relation to diastolic function after aortic valve replacement for isolated aortic stenosis, has not been fully examined.
Cross sectional and Doppler echocardiography have been used extensively for assessing diastolic and systolic left ventricular function. [16] [17] [18] [19] In this study we used Doppler echocardiography to examine left ventricular diastolic function early after aortic valve replacement for isolated aortic stenosis and at four years of follow up. We hypothesised that the reduction in pressure overload early after aortic valve replacement would lead to improved left ventricular diastolic function, and that both residual left ventricular gradients and hypertrophy would adversely influence diastolic function early and late after surgery.
Methods

PATIENTS
This was a prospective study of 41 consecutive patients (28 men, 13 women) with isolated aortic stenosis and normal systolic ventricular function, undergoing aortic valve replacement between 1991 and 1992. Each patient underwent cross sectional and Doppler echocardiography two months before surgery (mean (SD): 2.0 (1.1) months, range 1-4 months), as well as two weeks (2.0 (1.0) weeks, range 1-3 weeks) and 48 months (48 (10) months, range 37-47 months) after aortic valve replacement. The first postoperative study was performed at two weeks to assess the early postoperative result of aortic valve replacement, as at that time patients have assumed their normal loading conditions just before discharge from hospital. Drug treatment aVecting the loading conditions, such as diuretics or nitrates, was withdrawn 72 hours before each echocardiographic assessment. All patients had coronary angiography before surgery to assess the presence of coronary artery disease. Exclusion criteria were as follows: x other associated valve disease; x ejection fraction less than 50%; x patients with global hypokinesia (fractional shortening < 29%) or presence of regional wall motion abnormalities on echocardiography; x atrial fibrillation; x the need for the use of calcium channel blockers, blockers, or both either preoperatively or postoperatively. All patients were in functional class II of the New York Heart Association (NYHA) classification before surgery. Twenty seven patients (68%) had mechanical prostheses and 14 (32%) had bioprostheses. The mean age of patients with bioprostheses was greater than that of patients with mechanical prostheses at the time of surgery, at 72 (11) v 59 (8) years (p < 0.05). Nine patients with mechanical prostheses (34%) and six with bioprostheses (41%) had additional incidental coronary artery disease (no flow limiting stenoses) detected during cardiac catheterisation before surgery (NS). None had a previous myocardial infarct and all had one or more bypass grafts at the time of surgery. There were no diVerences in sex or incidence of coronary artery bypass grafting (CABG) between the two groups.
The distribution of mechanical valves was as follows: Starr-Edwards 19, Bjork-Shiley 6, St Jude 2. All biological prostheses were porcine Carpentier-Edwards valves (table 1) . The mean size of aortic prostheses was similar between patients with mechanical prostheses and bioprostheses, at 23 (1.7) v 22.9 (1.7) mm (NS). Thirty six patients (23 with mechanical prostheses and 13 with bioprostheses) had a follow up study four years (48 (10) months) after aortic valve replacement. The remaining four patients were lost to follow up. All patients were in NYHA class I, did not have angina, and had a negative exercise treadmill test for ischaemia four years after surgery.
ECHOCARDIOGRAPHY AND DOPPLER STUDIES
All studies were performed using a Toshiba Sonolayer SSH 160A phased array ultrasound system (Toshiba Inc, Tokyo, Japan). A 3.75 MHz transducer was used for cross sectional imaging, a 2.5 MHz duplex transducer for combined cross sectional imaging and Doppler, and a 2 MHz stand alone pencil probe for continuous wave Doppler. The following variables were measured from cross sectional echocardiographic images of the left ventricle: x end diastolic and end systolic diameter (mm); x fractional shortening (%); x left atrial size (mm); x ventricular septal and posterior wall thickness (mm); x left ventricular mass and left ventricular mass index, using the formula proposed by the Penn Convention. 20 Flow velocity profiles were obtained from apical projections of pulsed and continuous wave Doppler, and measurements were made using the software supplied with the ultrasound equipment. Mitral diastolic flow was determined after the pulsed Doppler sample volume was positioned at the tips of the mitral valve leaflets, and 7-11 cardiac cycles were recorded. The Doppler cursor was then moved toward the left ventricular outflow position and the sample volume was placed approximately 1 cm proximal to the aortic valve so that it would come in contact with the anterior mitral valve leaflet. Isovolumic relaxation time (ms) was measured as the interval between the end of the aortic click artefact and the onset of the mitral inflow waveform.
The following indices were measured from the mitral valve diastolic waveform: peak early (E) and atrial (A) flow velocities (cm/s), E:A ratio, acceleration time (ms) and acceleration rate (m/s 2 ), and deceleration time (ms) and deceleration rate (m/s 2 ) of the left ventricular diastolic filling, using standard methodology as previously described. [16] [17] [18] [19] Velocity-time integral (cm), peak aortic velocity, peak instantaneous gradient, and mean transaortic gradient (mm Hg) were measured by perimetry of the left ventricular outflow tract waveform and the peak aortic waveform, respectively, using the equipment's software. RR interval (ms) was measured from simultaneous ECG recordings.
STATISTICAL ANALYSIS
All data were normally distributed by the normality test (Statworks 1.2, Macintosh). Unpaired comparison between patients with mechanical prostheses and those with bioprostheses, or patients with and without bypass graft surgery, were performed using the standard 2 test for categorical data and the unpaired t test for continuous data. Paired comparisons between preoperative and postoperative studies were performed using the two tailed t test. Analysis of variance for repeated measurements was carried out to assess diVerences in echocardiographic indices between preoperative, postoperative, and follow up studies using ScheVé's correction to localise the source of any diVerences. Linear relations were checked using simple linear regression analysis. When an independent variable was related to more than one dependent variable, a stepwise regression analysis model (Statview 4.0, Macintosh) was used to exclude an interrelation between the examined variables. RR interval and age and type of valve (mechanical or biological) were forced in the regression analysis model to take account of any possible relation with the examined variables.
In patients with bioprostheses, the data distribution was unknown owing to the small sample size (14 patients). For this reason, the Mann-Whitney U test for non-paired comparisons was used. The Wilcoxon signed rank test for paired comparisons and the Spearman rank correlation coeYcient for linear relations were used. The level of significance was established at p < 0.05. Values are expressed as mean (SD).
Assessment of reproducibility
In 20 randomly selected patients, measurements were repeated in a blinded manner by a second observer (PN). DiVerences between the two sets of measurements were not significant.
Results
CROSS SECTIONAL ECHOCARDIOGRAPHY
Preoperative study Left ventricular mass, left ventricular mass index, and left ventricular wall thickness were abnormal in all the patients. End diastolic 36 (7) 32 (17)* 37 (18) LA (mm) 37 (7) 37 (7) 37 (6) Values are mean (SD diameter, end systolic diameter, and fractional shortening were within normal limits 21 in all patients before surgery, and early and late after the operation (table 2) .
Early postoperative study
Left ventricular mass was reduced (p < 0.05) despite wall thickness remaining unchanged. Fractional shortening also decreased but remained within normal limits (p < 0.05). These changes mainly reflected the reduction in left ventricular end diastolic dimension (p < 0.05).
Follow up study
Left ventricular mass decreased by 28% and 27% compared with the preoperative and postoperative studies, respectively, mainly because of a reduction in septal and posterior wall thickness (p < 0.01).
Mechanical prostheses versus bioprostheses
All echocardiographic indices were similar between patients with biological and mechanical prostheses before and after surgery. Preoperative study Isovolumic relaxation time, acceleration time, and deceleration time were all prolonged (table  3) . Peak aortic velocities and pressure gradients were similarly high in all patients (table 4) .
Early postoperative study
Indices of volume loading conditions were similar to preoperative studies. Isovolumic relaxation time, acceleration time, and deceleration time decreased by 16% (p < 0.01), 18% (p < 0.01), and 16% (p < 0.05), respectively. Acceleration and deceleration rates increased by 38% (p < 0.01) and 5%, while the E:A ratio remained largely unchanged (table 3) . Peak aortic velocities and pressure gradients decreased as expected (p < 0.01) (table 4).
Follow up study
The early postoperative reduction in isovolumic relaxation time and deceleration time was maintained late postoperatively (table 3) . Peak aortic velocities and pressure gradients remained low at the four year follow up, and similar to the early postoperative values (table 4) .
MECHANICAL PROSTHESES VERSUS BIOPROSTHESES
Preoperative study Isovolumic relaxation time was longer in patients who received bioprostheses than in those who received mechanical prostheses, at 111 (15) ms v 85 (13) ms (p < 0.05). This difference possibly reflects the older age of patients with bioprostheses, who also had a lower E:A ratio (0.84 (0.4) v 1.02 (0.4), p < 0.05). Preoperatively, pressure gradients were similar between patients who received biological prostheses and those who received mechanical prostheses (NS).
Early postoperative study
The values of all diastolic indices were similar between patients with mechanical valves and bioprostheses. Peak aortic velocity and pressure gradients were greatly reduced in all patients after surgery (p < 0.001) (table 5) . However, pressure gradients were higher in patients with mechanical prostheses than in those with bioprostheses (peak gradient 34 (17) mm Hg v 17 (6) mm Hg, mean gradient 21 (10) mm Hg v 9 (4) mm Hg; p < 0.05). Conversely, peak velocity in the outflow tract and velocity-time integral were similar between patients with mechanical prostheses and bioprostheses (NS). 
Follow up study
The values of all diastolic indices were again similar between patients with mechanical prostheses and bioprostheses (NS). Interestingly, peak aortic velocity and pressure gradients became similar between patients with biological and mechanical prostheses four years after surgery. This change reflected a 20% increase in pressure gradients in patients with bioprostheses during follow up compared with the postoperative study (22 (6) 
AGE AND DOPPLER INDICES
Prolonged isovolumic relaxation time and low E:A ratios were associated with older age preoperatively (r = 0.42 and r = 0.46; p < 0.01). Of all diastolic indices, only a low E:A ratio was related to older age in the early postoperative period (r = 0.46; p < 0.01). During follow up, longer isovolumic relaxation time and lower E:A ratios were observed in older patients (r = 0.48, r = 0.50; p < 0.01).
Discussion
Several investigators have studied left ventricular function after aortic valve surgery, either invasively 10 11 13 or by radionuclide angiocardiography. 9 Although these methods have expanded our knowledge of left ventricular function, they cannot be performed routinely because of their invasive nature and because of radiation hazards. Early studies used M mode echocardiography to assess left ventricular function, but the information gained was not representative of the entire left ventricle. [22] [23] [24] Doppler echocardiography is a unique technique for evaluating left ventricular function and has the ability to attain higher temporal resolution than nuclear techniques, with good intraobserver and interobserver variability. 25 This is the first prospective study to our knowledge to show that the reduction in pressure overload two weeks after aortic valve replacement for pure aortic stenosis results in rapid improvement in myocardial relaxation and early diastolic filling. Four years after surgery, when hypertrophy had regressed, this improvement was maintained despite the patients' advancing age and the presence of a residual gradient. 3 26-28 fibrosis, 10 and subsequently impaired myocardial relaxation, 1-4 26 27 even in the presence of preserved systolic function. 2 Aortic valve replacement reduces pressure overload to a variable extent, depending on the type of artificial valve, 6 14 29 and leads to regression of hypertrophy. 9 30 Improvement of diastolic function after aortic valve replacement has been mainly attributed to the subsequent regression of left ventricular hypertrophy. 9 In this study we have shown that myocardial relaxation and early diastolic filling rapidly improves two weeks after aortic valve replacement. Left ventricular mass index was reduced early postoperatively but wall thickness remained unchanged. This small but significant change in left ventricular mass index can be explained by the predominant reduction in left ventricular end diastolic diameter, as opposed to wall thickness, as the former is algebraically the major determinant in the calculation of left ventricular mass. 20 31 Thus the improvement in diastolic function two weeks after surgery is more likely to be attributed to the sudden reduction in pressure overload, perhaps followed by improved coronary flow reserve, wall thickness remained largely unchanged while loading conditions remained the same. This is supported by studies in open chest dogs, which showed that tau increased significantly when peak systolic pressure was suddenly increased by cross clamping the ascending aorta during diastole. 5 Additionally, Duel and colleagues found abnormal myocardial relaxation in a small cohort of patients with high peak systolic pressure and normal left ventricular mass one year after aortic valve replacement.
11
Late postoperative period Deterioration of diastolic function with concomitant prolongation of Doppler diastolic indices is common with advancing age. 32 33 However, four years after surgery, the early postoperative improvement in diastolic function was maintained despite the patients' advancing age and the presence of a small residual gradient. Left ventricular mass index was reduced by 30% late after operation, compared with the early postoperative studies, mainly because of a significant reduction in wall thickness. Thus preservation of the good postoperative result four years after surgery is attributable to the eVect of regression of hypertrophy on diastolic function. These observations are in agreement with those of Lund and colleagues, who used radionuclide angiocardiography and also found an improvement in left ventricular diastolic filling associated with regression of hypertrophy one year after aortic valve replacement. 9 Regression of left ventricular hypertrophy following aortic valve replacement is dependent on many factors, including valve size and residual pressure gradient. [6] [7] [8] In our study, wall thickness was normalised four years after surgery, despite the presence of a significant residual gradient in mechanical prostheses and the 20% increase in pressure gradient in bioprostheses. Thus a residual pressure gradient caused by the artificial valve did not appear to inhibit regression of ventricular hypertrophy four years after aortic valve replacement.
EFFECTS OF HYPERTROPHY AND RESIDUAL GRADIENT ON DIASTOLIC FUNCTION
The extent of hypertrophy is unlikely to be the sole determinant of impaired diastolic function, as experimental studies have shown that pressure overload on its own impairs myocardial relaxation. 5 In our study, wall thickness played a dominant role in left ventricular diastolic filling as increased wall thickness was associated with prolongation of deceleration time. Patients with severe hypertrophy (wall thickness > 13 mm) had a longer deceleration time and a lower E:A ratio than patients with similar degree of aortic stenosis but moderate ventricular hypertrophy. Prolonged deceleration time was associated with a residual pressure gradient early after surgery, suggesting a significant eVect of residual pressure overload on left ventricular diastolic filling. Patients with a peak pressure gradient of more than 30 mm Hg had a longer deceleration time than those with a gradient of less than 30 mm Hg, while the degree of left ventricular hypertrophy was similar. Furthermore, a prolonged isovolumic relaxation time was observed in patients with increased wall thickness, linking the eVect of hypertrophy to myocardial relaxation. Therefore, our data suggest that both hypertrophy and residual pressure overload determine left ventricular diastolic function early after aortic valve replacement.
Four years after surgery, when hypertrophy had regressed, no relation between Doppler diastolic indices and aortic pressure gradients or wall thickness was noted. This suggests that the beneficial eVect of regression of left ventricular hypertrophy had possibly outweighed the adverse eVects of advancing age and residual pressure gradient on diastolic function late after surgery.
MECHANICAL PROSTHESES VERSUS BIOPROSTHESES
Diastolic dysfunction was worse preoperatively in patients who received bioprostheses than in those who received mechanical valves. This diVerence is probably attributable to the older age at which patients received bioprostheses, as the two groups were otherwise similar. 32 33 Interestingly, however, diastolic Doppler indices were also similar between the two groups in the early postoperative period despite the age diVerence. This was because of the greater reduction in diastolic functional indices in patients with bioprostheses.
CABG AND DIASTOLIC FUNCTION
The eVects of ischaemia on diastolic function have been well described. 26 27 In our study, Doppler indices of diastolic function were similar between patients with and without concomitant coronary artery bypass graft surgery. The lack of such diVerence preoperativelywhen ischaemia from coronary artery disease was at least theoretically present-should perhaps be attributed to the greater contribution of pressure overload and hypertrophy in determining left ventricular function or indeed to the absence of significant ischaemia. In an eVort to reduce the number of variables, we enrolled patients with isolated aortic stenosis and normal systolic function, who were not taking any drug treatment that could have aVected loading conditions preoperatively or postoperatively. We therefore excluded patients with impaired systolic function before surgery, so that the measured Doppler diastolic indices and pressure gradients were not aVected by increased atrial pressures and depressed myocardial contractility. We do not believe that the few patients with coronary artery disease aVected the balance of our homogeneous population, as there was no evidence of concomitant myocardial ischaemia. The bypass grafting was performed more as a preventive procedure to avoid the future need for repeat surgery for coronary artery disease.
Changes in loading conditions may lead to reciprocal changes in Doppler diastolic indices. 34 35 We were unable, however, to monitor changes in loading conditions and left atrial filling pressures postoperatively. A reduction in left ventricular overload by drug treatment alone has not been shown to cause significant changes in myocardial relaxation or filling in patients with aortic stenosis. 36 
CONCLUSIONS
Left ventricular diastolic function improves early after surgery for isolated aortic stenosis, in parallel with the reduction in aortic gradient. At four years postoperatively, diastolic function remains unchanged in comparison with the early postoperative period despite advancing age and the presence of a residual gradient. This may reflect significant regression of hypertrophy.
IMAGES IN CARDIOLOGY
Aortico-right ventricular tunnel with pulmonary stenosis in a neonate A 10 day old asymptomatic baby girl was evaluated for a to-and-fro systolic and diastolic murmur grade III/VI, audible along the left sternal border. The echocardiogram showed a valvar pulmonary stenosis with a maximum systolic gradient of 55 mm Hg across a thick, poorly mobile pulmonary valve, and an aortico-right ventricular tunnel between the left aortic sinus and the right ventricle. The aortic orifice of the tunnel originated distal from the expected origin of the left coronary artery. Echocardiography (below left) and magnetic resonance imaging (MRI) (below right) revealed an abnormally large right coronary artery and only a tiny left anterior descending (LAD) coronary artery. The further course of the tunnel revealed an aneurysmatic dilatation and several stenoses. Because of the association of the tunnel with pulmonary stenosis no heart failure developed, which made it possible to postpone the treatment beyond the neonatal period. At 5 months of age, the baby remained asymptomatic, but the maximum systolic gradient across the pulmonary stenosis increased to 75 mm Hg. The to-and-fro flow within the tunnel showed a systolic gradient of the right ventricle to the aorta of 5 mm Hg, and a diastolic gradient of the aorta to the right ventricle of 34 mm Hg. Because of an unsatisfactory relief of pulmonary stenosis with balloon valvuloplasty and failed coil closure of the tunnel, a surgical correction was performed. All findings were confirmed during surgery. 
Transverse MRI study of the tunnel: aneurysmatic dilatation (an) within the tunnel (arrowheads) connecting aorta ascendens (AO) and right ventricle (RV). Dilated right coronary artery (arrows), hypoplastic LAD (asterisk).
